It is known that binding of extracellular antibodies against the major sialoglycoprotein, glycophorin A, reduces the deformability of the red blood cell membrane. This has been taken t o result from new or altered interactions between the glycophorin A and the membrane skeleton. We have shown by means of the micropipette aspiration technique that antibodies against the preponderant transmembrane protein, band 3, induce similar effects. A definite but much smaller reduction in elasticity of the membrane is engendered by univalent Fab fragments of the anti-band 3 antibodies. By examining cells genetically devoid of glycophorin A or containing a variant of this constituent, truncated at the inner membrane surface, we have shown that the antiband 3 antibodies do not act through the band 3-associated glycophorin A. We examined the effect of anti-glycophorin A antibodies on homozygous Wr(a+b-) cells, in which an amino acid replacement in band 3 annihilates the Wright b (We) epitope (comprising sequence elements of glycophorin A and band 3) and thus, by implication disrupts or perturbs the band 3-glycophorin A interaction; these cells show a much smaller response t o an anti-glycophorin A antibody than do normal controls. We infer that in this case anti-HASIS ET ALL have shown that binding of antibodies against the extracellular domain of glycophorin A causes a reduction in deformability of the membrane, when measured in the ektacytometer. Measurements with a range of monoclonal antibodies (MoAbs) further showed that the magnitude of the effect is a function of the distance of the epitope from the membrane surface.' Thus, antibodies against the Wright b (W?) blood group epitope, which had been localized to a region spanning residues 61-70 of glycophorin A that is adjacent to the point of entry of the chain into the b i l a~e r ,~.~ caused the largest perturbation. Moreover, univalent Fab fragments of these antibodies, but of no others, engendered a similar, if smaller, effect.'
It is known that binding of extracellular antibodies against the major sialoglycoprotein, glycophorin A, reduces the deformability of the red blood cell membrane. This has been taken t o result from new or altered interactions between the glycophorin A and the membrane skeleton. We have shown by means of the micropipette aspiration technique that antibodies against the preponderant transmembrane protein, band 3, induce similar effects. A definite but much smaller reduction in elasticity of the membrane is engendered by univalent Fab fragments of the anti-band 3 antibodies. By examining cells genetically devoid of glycophorin A or containing a variant of this constituent, truncated at the inner membrane surface, we have shown that the antiband 3 antibodies do not act through the band 3-associated glycophorin A. We examined the effect of anti-glycophorin A antibodies on homozygous Wr(a+b-) cells, in which an amino acid replacement in band 3 annihilates the Wright b (We) epitope (comprising sequence elements of glycophorin A and band 3) and thus, by implication disrupts or perturbs the band 3-glycophorin A interaction; these cells show a much smaller response t o an anti-glycophorin A antibody than do normal controls. We infer that in this case anti-HASIS ET ALL have shown that binding of antibodies against the extracellular domain of glycophorin A causes a reduction in deformability of the membrane, when measured in the ektacytometer. Measurements with a range of monoclonal antibodies (MoAbs) further showed that the magnitude of the effect is a function of the distance of the epitope from the membrane surface.' Thus, antibodies against the Wright b (W?) blood group epitope, which had been localized to a region spanning residues 61-70 of glycophorin A that is adjacent to the point of entry of the chain into the b i l a~e r ,~.~ caused the largest perturbation. Moreover, univalent Fab fragments of these antibodies, but of no others, engendered a similar, if smaller, effect. ' Chasis et all also observed that concanavalin A, which recognizes the band 3-conjugated carbohydrate and antibodies against two blood groups not associated with glycophorin A, did not alter the ektacytometric response of the mem-0 1995 by The American Society of Hematology.
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342 glycophorin A antibodies exert their rigidifying effect through the associated band 3. Another anti-glycophorin A antibody, directed against an epitope remote from the membrane surface, however, increases the rigidity of both Wr(a+b-) and normal cells. This implies that not all antibodies act in the same manner in modifying the membrane mechanical properties. The effect exerted by anti-band 3 antibodies appears not to be transmitted through the band 3-ankyrin-spectrin pathway because the rigidifying effect of the intact antibody persists at alkaline pH, at which there is evidence that the ankyrin-band 3 link is largely dissociated. The large difference between the effects of saturating concentrations of the divalent and univalent anti-band 3 antibodies implies the existence of an overriding effect on rigidi t y , resulting from the bdunctionality of the intact antigen.
Freeze-fracture electron microscopy shows that the antiband 3 promotes the formation of small clusters of intramembrane proteins. Extracellular ligands may in general act by promoting strong or transient interactions between integral membrane proteins, thereby impeding local distortion of the membrane skeletal network in response t o shear. 0 1995 b y The American Society of Hematology.
brane. Therefore, they suggested that the anti-glycophorin A antibodies generate a transmembrane signal, which leads to altered interactions with the membrane cytoskeletal complex. This conclusion was supported by the observation5 that cells of the Miltenberger V blood group, in which the glycophorin A is truncated at the cytoplasmic membrane surface, do not respond to extracellular anti-glycophorin A antibodies.
The discovery that hereditary ovalocytes, which are genetically abnormal cells of exceptional rigidity, are characterized by a deletion of nine amino acids in the band 3 chain where it first enters the membrane on the cytoplasmic side"',' shows that band 3 also participates in defining the mechanical character of the membrane. Our purpose has been to explore the effects of a range of ligands, specific for glycophorin and for band 3, with the aid of the micropipette aspiration assay, which gives an explicit measurement of the shear elastic modulus of the membrane, and to gain some insight into the mechanisms that regulate membrane elasticity. We show that the evidence favors the existence of a band 3-dependent mechanism for ligand-induced perturbations of the membrane elasticity, but that interactions at the outer cell surface can also play an important part.
MATERIALS AND METHODS
Normal human red blood cells (RBCs) from healthy volunteers were used on the day of donation for measurements of membrane elasticity and within a few days for structural studies. Some experiments on rare abnormal cells were also conducted on material that had been stored in liquid nitrogen. For these, normal cells that had been stored under identical conditions served as controls. Thawed samples were incubated for at least 2 hours at 37°C in culture medium (RPM1 1640; ICN Flow Laboratories, Costa Mesa, CA), containing either 2% AB serum or 0.5% human serum albumin, to ensure recovery of the normal biconcave shape. MoAbs BRIC6 and BRAC18 were directed against epitopes on the third extracellular loop of band 3. A human antibody was isolated with specificity Table 1 .
In general, the antibody at the required dilution was mixed with an equal volume of a suspension containing 4 X IO8 c e l l s l d . The resulting cell suspension (2 X 10' celldml) was incubated at 37°C for 30 minutes. Where higher ratios of antibody to cells were required, the hematocrit was sometimes reduced. Aliquots of the cell suspensions were then diluted 100-fold for micropipette measurements or washed with isotonic phosphate-buffered saline. Binding of antibodies to the cells was measured by indirect immunofluorescence in a FACScan flow cytometer (Model 440; Becton-Dickinson; Mountain View, CA); the second antibody was fluorescein isothiocyanate-conjugated antimouse (PF270; The Binding Site, Birmingham, UK). Median intensities were expressed relative to the signal when an isotype-matched primary antibody of unrelated specificity (M753 against glycoprotein IIIa from Dako, High Wycombe, UK) was used.
Incubation of cells as a function of pH was performed as described by Low et a1," except that 0.5% human serum albumin was incorporated in the incubation medium. Membrane cytoskeletons, liberated by lysis with Triton X-100 in isotonic buffer, were collected by centrifugation through a sucrose cushion, washed once with isotonic phosphate-buffered saline, pH 7.4, dissolved in 5% SDS and analyzed by gel electrophoresis and densitometry after staining with Coomassie Brilliant Blue R (Sigma, Poole, Dorset, UK).
Freeze-fracture electron microscopy was performed by Dr A.P.R. Brain (King's College Electron Microscopy Unit, London, UK). The cells were frozen in a thin film with a liquid nitrogen jet. They were fractured in a Polaron E7500 apparatus at -150°C and replicated with platinum carbon at a 45-degree shadowing angle. After coating with a carbon film, the replicas were floated on water, picked up on G400 copper grids and examined in a Philips EM301G electron microscope at 100 kV accelerating voltage.
Membrane rigidity was characterized by micropipette analysis of the shear elastic modulus, which expresses the resistance of the membrane to shear deformation at constant surface area." Cells in isotonic buffer, containing 10% autologous plasma (where available) or 0.5% human serum albumin, were partially aspirated into a pipette of internal diameter 1.5 pm. The length of the membrane extension in the pipette was measured as a function of pressure and the shear elastic modulus was obtained from linear regressions." Measurements on 7-10 cells were averaged.
RESULTS
The effects on the elasticity of the RBC membrane of two anti-band 3 antibodies, BRAC18 and BRIC6, with epitopes in the same extracellular protein loop, were examined. Although the two antibodies were seen to bind with high affinity (Fig l) , and in fact quantitative analysis of their affinities'" indicated a sixfold higher association constant for BRAC18, only BRIC6 caused strong agglutination. This re- stricted observations of its effects to the small proportion of cells remaining outside the clusters. Nevertheless, it was clear that BRIC6 engendered a much greater increase in shear modulus than BRAC18 for equivalent amounts bound (Fig 2) . The magnitude of the increase in shear elastic modulus was fully comparable with that induced by anti-Wrh antibodiesi3 Because of the agglutinating effect of BRIC6, BRAC18 was used for most of the subsequent experiments and was found consistently to cause an approximately twofold increase in shear elastic modulus at a concentration of 25 &mL (2 X IO8 ceIIs/mL).
To determine whether the change in membrane properties was a consequence of protein aggregation by the divalent antibody univalent Fab fragments of the same antibodies were examined. Figure  1 shows that, as expected, these bound with much lower affinity to the RBCs; quantitative analysis'*" gave association constants of 0.7 X 10' and 2.0 PAULITSCHKE ET AL X lo7 Wmol for BRIC6 Fab and BRACl8 Fab, respectively. Thus, at the highest concentration used for the micropipette analysis (~0 . 2 5 mg/mL with 1 X lo* cells/mL) there should be essentially complete saturation of the available epitopes.
Under these conditions an increase of about 50% in shear elastic modulus was recorded (Fig 2B) . This increase is much less than the increase brought about by saturating concentrations of the divalent parent antibodies, but is nevertheless significant.
The evidence that glycophorin A is associated in the membrane with band 3, or is at least capable of associating with it in the presence of a suitable antibody, now appears incontestable.""* Thus, if the attachment of extracellular antibodies to glycophorin A induces a new or altered interaction with the membrane skeleton, the possibility exists that ligands binding to band 3 exert their effect through the glycophorin A. We have tested this proposition by examining the properties of cells that lack glycophorin A and B, viz MkMk p h e n~t y p e '~ and those containing the Miltenberger V glycophorin A variant (MiV/Mk phenotype"). The MkMk cells were rendered more rigid by both anti-band 3 antibodies, BRIC6 and BRAC18 (Fig 3) . In agreement with the results of ektacytometry,' the Miltenberger V cells were unaffected by the anti-glycophorin A antibodies, BRIC 14 and R 18, but were rigidified in the same way as normal cells by the antiband 3 antibody, BRAC18. We conclude that binding of antibody to band 3 affects the material properties of the membrane by a mechanism independent of glycophorin A.
To determine whether a converse mechanism operates, ie ligands binding to glycophorin A exert their influence through band 3, we have studied the effects of the antiglycophorin antibodies, R10 and R18, on Wr(a+b ) cells, which lack the Wrh epitope. These cells are normal in respect of their glycophorins, but carry a mutation (glu -+ lys) at residue 658 of band 3, which lies in the site of interaction with glycophorin A." Indirect immunofluorescence showed that these cells bound the antibodies to the same extent as control cells and did not perceptibly bind the anti-Wrb antibody, BRlC14. Micropipette analysis showed that whereas R I8 causes a large increase in shear elastic modulus in normal cells, similar to that engendered by BRIC14, its effect on the mutant cells was quite small (Fig 4) . This implies that this anti-glycophorin A antibody exerts its rigidifying effect largely through band 3. Nothing further could be learned from the univalent Fab fragment of RI 8 because, as also noted by Pasvol et al', these have no effect on the rigidity of normal cells, even at the highest concentrations ( B l mg/mL per IO8 cells). RBCs of Wr(a+b+) heterozygotes were also exposed to antibody R18, and showed an increase in rigidity at antibody concentrations of S0 and 25 pg/mL, but not 12.5 pg/mL; the increases in elastic modulus at the higher antibody concentrations were closer to those observed with the homozygous Wr(a"b-) cells than with normal control cells (data not shown).
The effect of RI8 on Wr(a+b ) cells was not reproduced by the second anti-glycophorin A antibody, RIO, which is directed against an epitope further from the membrane surface; this antibody increased the rigidity of both normal and Wr(a'b-) calls (Fig 4) . Thus, the two antibodies evidently act by different mechanisms. We further sough1 to determine whether binding o f antihand 3 antibodies acts on the elasticity through the band 3-ankyrin-spcctrin pathway. Low et al"' obscrved that membrane skeletons isolated from cells that had been equilibrated at alkaline pH contained reduced amounts of bound band 3. They interpreted this to imply that the band 3-ankyrin link is weakened at high pH, with a midpoint for dissociation at about pH 8.9 ; thus, at pH 9.2, the band 3 would be about the neutral pH range (Fig 5 ) . This implies either that the reduced elasticity is not caused by a transmembrane effect on the membrane skeleton, or that if such an effect does operate it is not transmitted through the only established link between band 3 and the membrane skeleton.
Because both BRAC 18 and BRIC6 bind at the same external loop of band 3, we attempted to determine whether a ligand attached elsewhere elicited a similar effect. The Dih blood group determinant is located in the last of the seven extracellular loops that the band 3 chain is inferred to make.' A purified human antibody isolated from a natural antiserum against Dih was added to RBCs and the shear elasticity was measured. No change was detected; however, the affinity of the antibody was evidently low and binding could not be followed by indirect immunofluorescence, even though the antibody concentration was well in excess of that required for indirect agglutination in the Coombs test. Therefore we cannot exclude that a rigidity increase might supervene if a larger proportion of binding sites on band 3 were occupied.
To examine whether the anti-band 3 antibodies could perturb the membrane structure by cross-linking and clustering the intramembrane particles, cells with bound BRAC18 and anti-Dih antibody were examined by freeze-fracture electron microscopy. The results (Fig 6) show that BRAC18 caused perceptible aggregation of intramembrane particles. The anti-Dih antibody by contrast led to the formation of some linear arrays of particles, but because of the much lower fractional saturation, it cannot be determined whether this represents an early stage of two-dimensional clustering.
DISCUSSION
It is well established that extracellular ligands against glycophorin A (in particular antibodies against epitopes close to the membrane interface'.') and wheat germ agglutinin'.'' increase the rigidity of the RBC membrane. They cannot do so by forming a surface lattice, which is precluded by the insufficient number of receptor molecules available and the span of the divalent or quadrivalent ligands"; in any case, interaction between divalent antibodies and band 3 dimers could give rise only to linear (and possibly some cyclized) aggregates. At least in the case of wheat germ agglutinin, large clusters of intramembrane proteins do not form because no redistribution of particles could be discerned in the freezefracture faces2' Moreover, univalent Fab fragments, at least of the anti-Wfl antibodies, also increase membrane rigidity. 2 We have shown here that two antibodies against the extracellular domain of band 3 similarly change the rigidity of the membrane and that their action does not depend on the association between band 3 and glycophorin A. The greatly reduced response, relative to normals, of the Wr(a+b-) cells to the anti-glycophorin A antibody R18 indicates that in this case the rigidifying effect is largely lost if the interaction between band 3 and glycophorin A is disturbed. It has not in fact been established that the mutation causes dissociation of the band 3-glycophorin A complex, only that it destroys the W? epitope; we cannot at this stage exclude that the R18 antibody, which binds to the glycophorin at a site close to the shared Wrb epitope, may be the dissociating agent.
The other anti-glycophorin A antibody, R10, which increases the rigidity of the Wr(a+b-) cells, as well as that of normals, evidently acts by a different mechanism. It is hard to envisage how one extracellular antibody (bound to a site remote from the membrane) but not another (much closer to the membrane) could direct a transmembrane signal through the single intramembrane segment of a-helix. Therefore, our results suggest that if a transmembrane signal is induced by the attachment of an antibody to the glycophorin A, it should pass through band 3. The alternative explanation is that the effects of the antibodies on membrane elasticity depend in all cases on extracellular cross-linking of (band 3-containing) transmembrane particles. The gross disturbance of charge balance in the glycocalyx resulting from the binding of large numbers of antibody molecules might also contribute to the tendency of intramembrane particles to interact (as the finite effect of Fab fragments also suggests).
To reconcile such models with the lack of a perturbing effect of the anti-glycophorin A antibodies on Miltenberger V cells,5 an interaction between the cytoplasmic domains of the two proteins would suffice. At the same time, it has been noted" that the Wrb epitope is missing in the glycophorin AB of MiV cells, so that the interaction with band 3 is probably disrupted and anti-Wrb antibodies should in any case not bind.
It is clear from the nonrandom distribution of particles seen in the freeze-fracture facesz6 that interactions between integral membrane proteins occur at the very high band 3 and glycophorin concentrations prevailing in the membrane, and this also probably explains the fraction of immobilized band 3 observed in rotational diffusion Antibodies would be expected to promote stabilization of such random interactions, or formation of additional small intramembrane protein clusters, not readily recognized in electron micrographs without statistical analysis.26 From the surface area of the membrane and the number of junctions of the membrane skeletal network in each cellz9 the mean end-toend distance of the spectrin tetramers that constitute the primary structural members can be estimated. The value of 60 nm is also in good accord with that for a hexagonal latti~e~'-~' with 1 X lo5 spectrin tetramers per cell. The unit cell of the idealized lattice is then an isosceles triangle with a side of 60 nm and one band 3 binding site (spectrin-bound ankyrin) near the center of each side. Therefore, bound band 3 molecules are separated by about 30 nm. With 1.2 X lo6 band 3 subunits per cell and assuming that these are largely in the form of dimers,33 the unit cell will contain an average of 7 dimers, 1.5 of which are linked through ankyrin to the network. Wang et a134 have shown that the band 3 dimer in a membrane measures 11 or 12 nm in the longest dimension. Thus, strings or clusters of only a few band 3 dimers, generated by the divalent antibody, could readily cross-link many (though obviously far from all) ankyrin-bound band 3 molecules. Such cross-links would be expected to impede elastic distortion of the lattice in response to externally applied stress. The persistence of the rigidification induced by the anti-band 3 antibody at alkaline pH, at which a large proportion of the ankyrin-band 3 links are thought to be dissociated, is not readily accommodated in such a scheme. There is, at the same time, evidence that the abnormal band 3 found in Melanesian ovalocytes generates linear aggregates in the membrane, which may explain the exceptional rigidity of these cells. 35 However, a transmembrane effect of ligand binding on rigidity, transduced by band 3, is not excluded. If this does not proceed through the band 3-ankyrin-spectrin pathway, some other interaction of band 3 must be generated or strengthened by the extracellular ligand. Although binding of band 3 to the cytoskeletal constituent, protein 4.1, can be detected in solution, this is weak and is probably not significant in the membrane.36 Nevertheless, transmembrane effects on band 3 structure or interactions have been reported, for example that induced by binding of the anion transport inhibitor, 4,4'-diisothiocyanatostilbene-2,2'-disulph0nate. ~~ A recent abstract by Chasis et a138 describes a similar approach to the above, with a broadly similar outcome: BRACl8 was shown to increase the ektacytometric rigidity of normal and En(a-) cells, which lack glycophorin A. It was concluded that anti-band 3 antibodies acted in a manner different from anti-glycophorin A, by forming an extracellular lattice. It was found that the Fab fragments had no effect on the ektacytometric index, whereas we observed an increase in shear elastic modulus. The discrepancy may lie in the response of the ektacytometer, which must be a function, perhaps predominantly, of shear viscosity, and not only of shear elastic modulus. More detailed studies of the mechanical membrane properties are needed to resolve the question.
